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Abstract

The human ear imparts critical form and function and remains one of the most challenging facial 

features to reconstruct. Over the past century, surgeons have developed numerous techniques and 

materials for total auricular reconstruction. Refined costal cartilage techniques have remained the 

gold standard for the past half-century. Recent advancements with novel materials, tissue 

engineering and 3D printing provide immense potential; however, prohibitive costs and regulatory 

steps remain as barriers to clinical translation.
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The form and function of the human ear impart a critical component to the entirety of a 

child’s face and remain one of the most challenging features to reconstruct due to its 

complex 3D geometry. Auricular deformities drastically affect the sensory and social 

development of a child. As the ear canal and middle ear ossicular chain develops in parallel 

with that of the external ear pinna, aural atresia and a maximal conductive hearing loss often 

accompanies the external ear malformation [1]. Additionally, the external ear provides 

functional support for prescription glasses. Patients with microtia often have poor, 

misaligned support for their glasses, failing to aid in vision [2]. Children with auricular 

malformations develop self-awareness of their differences at approximately 4 years of age. 

Failure to restore the size, shape and function of the ear can result in traumatic bullying and 

teasing by peers, which becomes more psychologically damaging as the child ages [3].
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Over the past century, surgeons have devised techniques and materials to progress total 

auricular reconstruction in cases of congenital malformations and trauma. Although 

technological advances provide promise for improved patient outcomes, several challenges 

to widespread implementation remain. In this review, we aim to highlight the contributions 

that have led to current reconstructive techniques. We then look ahead to where the future of 

auricular reconstruction lies and challenges preventing near future translation.

Seminal techniques

The earliest techniques for whole ear reconstruction in the 20th century utilized homologous 

cartilage grafts or molds. Gillies pioneered a series of reconstructions with cartilage grafts 

from patients’ mothers [4]. Young introduced the use of precast fibrocartilage, where the 

diced strips of cartilage were encased in an auricle-shaped mold, buried in abdominal 

subcutaneous tissue for 3 months and transplanted for use in ear reconstruction [5]. Aufricht 

and Peer further applied this technique [6,7]. Both of these types of implants did not 

maintain shape under the taught auricular skin grafts and experienced progressive resorption 

and distortion [8,9].

The refining costal cartilage techniques

Tanzer revolutionized total auricular reconstruction by using carved autologous costal 

cartilage (Figure 1A), originally in a six-stage method with subsequent technique 

modifications paring down to three to four total surgeries [10–13]. His use of a template 

drawn on x-ray film allowed for mirroring of a child’s normally developed ear in the 

reconstructed ear cartilage scaffold. Furthermore, he defined key anatomic planes and 

landmarks, which have been central to subsequent surgical advancements.

Brent built upon Tanzer’s technique by placing the cartilage scaffold under unscarred skin 

before transposing the lobule [14–18]. His work explored the use of expansile frameworks to 

maximize skin coverage and suction drainage to reduce dead space and subsequent 

hematoma and secondary fibrosis formation. Nagata refined this technique to a two-stage 

reconstruction with the first three steps innovated by Brent consolidated into a singular first 

stage and the ear elevation completed in the second stage [19]. In a series of landmark 

papers, he detailed refinements specific for the lobular-, conchal- and small concha-type 

microtia [20–23]. Firmin compared the techniques developed by Brent and Nagata through 

352 patients seen in her surgical practice. She concluded that both surgical techniques result 

in satisfactory results with Nagata’s approach having improved aesthetics in fewer, yet more 

technically difficult, stages [24]. Firmin added her own suggested improvements with superb 

outcomes. These intricate techniques require a high degree of expertise with few surgeons 

achieving acceptable outcomes.

This model of reconstruction possesses several benefits. Most notably, the autologous 

reconstructed ears maintain their shape, even in cases of severe trauma years to decades after 

the initial surgery [13,18]. Furthermore, a well-reconstructed ear provides significantly 

improved psychosocial outcomes in patients [25]. However, this technique is not without 

challenges. The harvesting of costal cartilage often comes with significant postoperative 
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pain, splinting, potential chest wall deformity and scarring [26,27]. Secondary 

reconstructions have universally poorer outcomes due to the existing scar tissue and the 

decreased quantity of suitable tissue for use in the reconstruction [16]. The reliance on the 

artistry and experience of the surgeon make this reconstruction method less universally 

accessible and can lead to poor outcomes in an unskilled surgeon’s hands. Despite these 

challenges, the use of costal cartilage remains the gold standard for the majority of 

reconstructive surgeons [28].

Alloplastic high-density porous polyethylene

Researchers continue to develop alternative materials for total ear reconstruction to avoid the 

morbidity associated with the costal cartilage method. Most notably, MedPor, an 

implantable, high-density porous polyethylene, has been widely studied and used for a 

variety of craniofacial reconstructions, including microtia repair (Figure 1B) [29,30]. This 

alloplastic material distinguishes itself from other implants, although competitor products 

have recently emerged such as SuPor and OmniPor. Multiple animal and human studies have 

demonstrated its biocompatibility, notably its capacity for rapid tissue ongrowth [31,32]. 

Furthermore, this material does not resorb or degenerate, which are complications that 

plagued early alloplastic implants.

Reinisch has pioneered the use of MedPor frameworks in auricular reconstruction, 

publishing the results from 1178 such cases completed over the past 25 years [33]. His 

method allows for earlier reconstruction in children as young as 3 years of age since a rib 

graft is not required. The human ear reaches approximately 90% of its adult size by 8 years 

old [1]. The future size of the child’s ear is predicted and an appropriately sized MedPor 

framework can be selected to anticipate for this growth. Furthermore, this surgery can be 

performed in the outpatient setting due to minimal postoperative pain secondary to the lack 

of rib harvest. Typically, only one stage is necessary since the MedPor implant can be 

modified to project the auricle, which traditionally requires an additional surgery months 

later [33].

However, auricular reconstruction with MedPor is not without risks. Patients undergoing 

repair with this implant experience a reported 4–6.31% complication rate in even the most 

experienced of hands. These include postoperative infections, framework fracture, 

compression ischemia and framework exposure [34–36]. These complications often result in 

multiple subsequent operations and revisions, exposing the patient to additional surgical 

risks. Furthermore, only a single, modifiable ear construct is available to meet the needs of 

all pediatric and adult patients requiring reconstruction, and the MedPor implant does not 

have the capacity for growth or expansion in pediatric patients.

Future directions: tissue engineering & 3D-printed scaffolds

Tissue engineering is a promising alternative to autologous rib grafts or synthetic material 

constructs through the use of novel, 3D-printed bioscaffolds (Figure 1C). These solutions 

have multiple future clinical applications, including whole auricular reconstruction [37–39]. 

Ideally, materials can be generated based on established biomechanical properties observed 
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in tissues [40]. These bioscaffolds have the potential to restore craniofacial structure, with 

proposed patient- and tissue-specific methods previously detailed by Zopf et al. that avoid 

the morbidity of the costal reconstruction method and the limited patient specificity of the 

MedPor reconstruction method [41].

Many research groups have worked to characterize a suitable scaffold material. Ideally, these 

materials should be biocompatible while also maintaining a stable auricular shape. Bichara 

et al. published an extensive review of the previously studied tissue-engineered auricle-

shaped constructs [37]. Synthetic and natural porous and hydrogel-based polymers have 

been developed, including polyglycolic acid, polylactic acid, fibrin gels and fibrous 

collagens. These scaffolds have been implanted in a variety of nude and immunocompetent 

animal models with varying levels of success [42–58].

A noted challenge of these materials is the construct contraction. Zhou et al. and 

Pomerantseva et al. proposed the incorporation of a titanium wire to address the issue of 

contraction within the bioresorbable, porous and collagen chondrocyte-seeded scaffold 

[59,60]. However, the propensity of a metal foreign body to extrude through thin, pediatric 

temporoparietal skin remains a significant concern with this approach, even when encased in 

the scaffold. Several biomechanical forces are at action. The dehiscence and extrusion of 

alloplastic materials through the skin are most likely related to the low mechanical stiffness 

of the skin in relation to the construct. Furthermore, the development of the contracture is 

related to forces generated by the myocontractile process of scarring.

In order to address these biomechanical concerns, Zopf et al. proposed using a slowly 

resorbing polycaprolactone (PCL) scaffold with microporous architecture designed to resist 

contraction in the initial phase of native extracellular matrix deposition [41]. Additionally, it 

demonstrated adequate shape definition upon implantation in a porcine model. Shieh et al. 
have previously demonstrated long-term PCL shape retention in nude mice for up to 10 

months; however, once implanted in immunocompetent rabbits, they were severely distorted 

and demonstrated inflammatory cell infiltration histologically [49].

Achieving confluence of cartilage growth with the appropriate cell numbers and the optimal 

cell type for seeding is yet to be determined. It is estimated that 250 million chondrocytes 

would be necessary to produce an ear scaffold confluent with cartilage, though further data 

is necessary to support this conjecture. Our group is investigating co-culturing chondrocytes 

with pluripotent stem cells that would decrease the number of chondrocytes necessary. Kang 

et al. suggested a bioprinting solution, interposing scaffold material and chondrocytes [61]. 

This method demonstrated impressive histologic cartilage growth, yet the gross appearance 

of the ear framework exhibited limited anatomic detail, a critical outcome, and the in vivo 
subcutaneous appearance was not published. This approach also depends on the inclusion of 

cell and growth factor components, thus escalating regulatory requirements and making the 

approach difficult for immediate clinical translation. The dependence on prohibitively 

expensive additive manufacturing techniques disallows widespread dissemination, limiting 

their use to resource-rich academic centers.
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Several obstacles to human clinical implementation remain. Current approaches to ear tissue 

engineering do not allow a feasible pathway for clinical translation and remain cost and 

resource prohibitive. The efforts to date have not led to clinically practical solutions, and the 

methods developed have significant regulatory challenges. For example, in the USA, 

MedPor is considered a class II device; however, once chondrocytes are added to a scaffold, 

it becomes a class III device and requires clinical trials and significant US FDA 

investigation. Although these steps are important to ensure the safety and efficacy of these 

novel bioscaffolds, they may take many years to complete and require high upfront research 

costs, making the device initially cost prohibitive and unlikely to garner interest and support.

Conclusion

The potential to innovate within the field of auricular reconstruction remains great. Although 

surgeons have attempted to use a variety of novel materials to produce improved outcomes, 

the costal cartilage auricular reconstruction method remains the gold standard of currently 

available options for patient care. Tissue engineering and 3D printing modalities provide 

immense potential for future innovation and improved more consistent patient outcomes; 

however, prohibitive cost and clinical translation barriers pose new challenges before these 

potentially revolutionary options become available to patients.

Future perspective

In the next 5–10 years, we anticipate further innovation in materials and additive 

manufacturing techniques that will allow for more rapid production of auricular cartilage 

that will maintain original design characteristics without deformation over time. These goals 

are achievable through the optimization of tissue engineering designs and processes, either 

through scaffold-based engineering or bioprinting. We envision the ability to provide a child 

with a symmetric-appearing ear while avoiding the complications related to current surgical 

methods. Additionally, we hope to provide surgeons with easy-to-use tools to produce 

consistently excellent outcomes. Moreover, our group is developing methods that would 

allow the ability to provide these benchmarks in low-resource settings.

In the setting of increased patient-specific, tissue-engineered devices, regulatory bodies are 

charged with the challenge of ensuring the safety of a device with slightly varying design 

features. Recent efforts demonstrate promise and interest in developing a device 

development pathway that includes early consultation with the FDA through a 

presubmission process. Overcoming these inherent regulatory challenges will require 

significant efforts, both by regulatory bodies and developers, to produce innovative and safe 

devices.
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Executive summary

Seminal techniques

• Early auricular reconstruction techniques utilized molded diced cartilage, but 

the results were plagued by resorption and distortion.

Refining costal cartilage techniques

• The use of carved costal cartilage for auricular reconstruction was pioneered 

by Tanzer and progressively improved by Brent, Nagata and Firmin.

• The downsides to this method include significant postoperative pain, 

splinting, potential chest wall deformity and scarring secondary to the rib 

harvest.

Alloplastic high-density porous polyethylene

• MedPor, an implantable, high-density porous polyethylene, has been widely 

studied and used for a variety of craniofacial reconstructions, including 

microtia repair.

• This material does not resorb or degenerate, which are complications that 

affected early alloplastic implants.

• Complications with this material include postoperative infections, framework 

fracture, compression ischemia and framework exposure.

Tissue engineering & 3D-printed scaffolds

• Tissue engineering is a promising alternative to autologous rib grafts or 

synthetic material constructs through the use of novel, 3D-printed 

bioscaffolds.

• Despite numerous designs of tissue-engineered auricle-shaped constructs, few 

maintain a stable auricular shape and achieve confluence of cartilage growth 

with the appropriate cell numbers, and the optimal cell type for seeding is yet 

to be determined.

Future perspective

• In the next 5–10 years, we anticipate further innovation in materials and 

additive manufacturing techniques that will allow for more rapid production 

of auricular cartilage that will maintain original design characteristics without 

deformation over time.

• Overcoming inherent regulatory challenges will require significant efforts, 

both by regulatory bodies and developers, to produce innovative and safe 

devices.
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Figure 1. 
Methods of whole auricular reconstruction. Current techniques (A) rib cartilage and (B) 
MedPor, and future techniques (C) porous bioscaffold.
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